Total testosterone (T), total oestradiol (E2) and sex hormone-binding globulin (SHBG) concentrations were measured in plasma samples from fifty-one male vegans and fifty-seven omnivores of similar age. Free T concentration was estimated by calculation. In comparison with the omnivores, the vegans had 7 % higher total T (P= 0.250), 23 % higher SHBG (P= 0.001), 3 % lower free T (P= 0.580), and 11 % higher E2 (P=O194). In a subset of eighteen vegans and twenty-two omnivores for whom 4 d diet records were available, there were statistically significant correlations between T and polyunsaturated fatty acids (r 0.37), SHBG and fat (r 0.43 for total fat, 0.46 for saturated fatty acids and 0.33 for polyunsaturated fatty acids), and SHBG and alcohol (r-0.39). It is concluded that a vegan diet causes a substantial increase in SHBG but has little effect on total or free T or on E2.
It has been suggested that plasma levels of testosterone (T) may affect the risk of developing prostate cancer (Henderson et al. 1982) . Both international correlation studies and casecontrol studies have shown that an increased consumption of animal products is associated with an increased risk of prostate cancer, and some studies have suggested that vegetarian diets can reduce plasma T (Rose, 1986) . Vegans eat no animal products at all, and it might be expected that any physiological effects of a vegan diet would be more extreme than those of a vegetarian diet. The primary purpose of the current study was to measure the concentration of T in plasma samples from a substantial number of male vegans and omnivores to test the hypothesis that the mean T concentration would be lower in the vegans. Since the biologically active fraction of T is probably the non-protein-bound fraction or 'free' T (Anderson, 1974; Mendel et al. 1989) , we estimated this variable by calculation. Subsidiary hypotheses tested were that sex hormone-binding globulin (SHBG) would be positively correlated with dietary fibre Bishop et al. 1988) , and that oestradiol (E2) would be inversely correlated with dietary fibre (Goldin et al. 1982) .
SUBJECTS A N D METHODS
The subjects were a subset of participants in a nationwide prospective study (see Thorogood et al. 1987) . Approximately 6000 vegetarians and 5000 omnivores were reci ted between September 1980 and January 1984. The vegetarian group included 352 veg .ns, of whom 161 were men. At recruitment subjects completed a brief questionnaire cc wering demographic information, medical history, diet type, and frequency of consumption of alcoholic drinks and some foods. From April 1984 to January 1986 all participants under the age of 70 years were sent a kit consisting of a 10 ml heparinized tube, a syringe, and an explanatory letter to them and to their general practitioner. Doctors were asked to take a blood sample and post it to the laboratory. Blood samples were received from 3300 subjects, of whom sixty were male vegans. On receipt, plasma was separated and stored at -20". Between September 1985 and July 1986 a 4 d diet record was sent to all participants and 5500 were returned. Of these, twenty-five were from male vegans who had previously sent in a blood sample.
Hormone concentrations were measured in all sixty samples of stored plasma from male vegans and from a similar number (sixty-seven) of male omnivores in the same age range as the vegans. Classification of subjects as vegans or omnivores was based on the subjects' replies to the short recruitment questionnaire. For those subjects who returned the 4 d diet record, this provided follow-up information (subsequent to the blood sample) on their diet type. At recruitment, 37 YO of the vegans had followed a vegan diet for more than 5 years.
Subjects were excluded from the current analyses if, at recruitment, they were current smokers (six vegans, two omnivores), were currently using long-term medication (two vegans, seven omnivores), had any history of cardiovascular disease (one vegan, one omnivore), or had missing values for weight and height (one omnivore). One further vegan subject was excluded because his plasma T concentration was very low (see p. 113). The exclusions left values for fifty-one vegans and fifty-seven omnivores for analysis (some subjects were excluded under more than one criterion).
It should be noted that the questionnaire information was not collected at the same time as the blood. Information on general subject characteristics, medical history, smoking, height and weight, and usual alcohol intake was collected on average 44 months (range 30-65 months) before the blood; the 4 d diet record, which was used to calculate nutrient intakes (including alcohol intake during those 4 d) for a subset of the subjects, was collected on average 15 months (range 9-23 months) after the blood. (The correlation between the two measures of alcohol intake was 0.61, two-sided test P < 0.001.)
Hormone assays Total T concentration was measured with a non-extraction double-antibody radioimmunoassay kit (Sorin Biomedica (UK) Ltd, Ely). SHBG was measured with an immunoradiometric assay kit (Farmos Diagnostica, Oulunsalo, Finland) . E2 was measured with a charcoal separation radioimmunoassay kit (ER-150; Steranti Research Ltd, St Albans), and involved extraction into diethyl ether before the assay. The assays were done 'blind' with samples in random order.
An estimate of the percentage of free T was calculated (YO free T=6.11-2.38 x log,, SHBG; Nanjee & Wheeler, 1985) and used to calculate the concentration of free T. Since free T is not a measured value, and was calculated using an equation derived to fit measurements of total T and SHBG made in a different laboratory, the current results for free T should be interpreted with some caution. The use of a 'free androgen index' calculated as the concentration of T divided by the concentration of SHBG (Carter et al. 1983) was considered but rejected because this index is unduly sensitive to changes in SHBG. Ruutiainen et al. (1987) reported rank correlations of the free androgen index with total T and SHBG of 0.25 and -0.87 respectively, in comparison with correlations of measured free T with total T and SHBG of 0.79 and -0.26 respectively. For our data, the rank correlations of calculated free T with total T and SHBG were 0.81 and -0.33 respectively (i.e. very similar to those for measured free T reported by Ruutiainen et al. 1987) , while the corresponding correlations for the free androgen index were 0.49 and -0.71 respectively. One subject was excluded from all the statistical analyses because he had a plasma T concentration of only 1.4 nmol/l (the next lowest value was 7.3 nmol/l). He was a 24-yearold vegan with an unremarkable body mass index (BMI; 21-4 kg/m2), but with a high E2 (0.51 nmol/l) and a report in the recruitment questionnaire of formerly drinking 45 pints of beer weekly. The low T value may have been due to an undiagnosed or unreported medical abnormality or, possibly, due to deliberate substitution of a blood sample from a woman.
Nutrient intakes Diet records (4 d) had been received from eighteen of the vegans and twenty-two of the omnivores. Average daily nutrient intakes were calculated using the tables of Paul & Southgate (1978) supplemented by other food tables Wiles et al. 1980; Wharton & Eaton, 1983; Tan et al. 1985) and by some analyses provided by food manu fact urers.
Statistical analyses T, SHBG, free T, and E2 were logarithmically transformed to achieve approximately normal distributions. Comparisons between dietary groups were made using analysis of variance. Relationships between hormones and dietary variables were examined using Pearson correlation coefficients, partial correlation coefficients and linear regression. Twosided statistical significance (P) values are quoted.
RESULTS
The vegans and omnivores were of similar age, but the mean BMI of the vegans was 4 % less than that of the omnivores ( Table 1) .
Before comparing the mean hormone concentrations in vegans and omnivores, we calculated the correlation coefficients between the hormonal variables and age, BMI, and alcohol intake ( Table 2) . Age was positively correlated with SHBG and inversely correlated with total T and, more strongly, with free T. BMI was inversely correlated with T and SHBG, but was not significantly correlated with free T. Alcohol was weakly positively correlated with free T and weakly inversely correlated with SHBG, but these correlations were not statistically significant. E2 was not correlated with age, BMI or alcohol. Table 3 shows the geometric mean values for the hormonal variables in vegans and omnivores; the values are given both ' unadjusted ' and after adjustment for age, BMI and alcohol intake (adjusted by analysis of covariance, with age, BMI and alcohol as untransformed continuous variables). Adjusted mean T was 7 % higher in the vegans than the omnivores, but this difference did not approach statistical significance. Unadjusted SHBG was 35 9'0 higher in the vegans than the omnivores; this difference was reduced to 23 YO higher (but remained highly statistically significant) after adjusting for age, BMI and alcohol, largely because of the inverse relationship between SHBG and BMI (Table 2 ) and the Iower BMI of the vegans (Table 1) . Adjusted free T was 3 9'0 lower, and adjusted E2 was 11 % higher, in the vegans than the omnivores, but these differences were not statistically significant.
Since an increase in SHBG may cause an increase in total T (see Discussion), we P* examined the effect on the mean T values of adjusting for SHBG (as well as for age, BMI and alcohol). This adjustment eliminated the difference in total T between the two groups (adjusted mean T was 14.7 nmol/l in both vegans and omnivores). In the subset of forty subjects for whom 4 d diet records were available, mean energy intake did not differ between vegans and omnivores ( Table 4) . Vegans consumed more polyunsaturated fat, carbohydrate and dietary fibre, and less total fat, saturated fat, protein and alcohol than the omnivores.
The relationships between the hormonal variables and these dietary variables were examined by calculating partial correlation coefficients, adjusted for age, BMI and dietary group (vegan or omnivore) (Table 5 ). Total T was significantly positively correlated with polyunsaturated fat intake. SHBG was significantly positively correlated with total fat, saturated fat and polyunsaturated fat, and was inversely correlated with alcohol intake. Free T and E2 were not significantly correlated with any of the dietary variables. These correlations were similar for nutrient intakes expressed as g/d and nutrient intakes expressed as a percentage of energy intake. Analysis by linear regression showed that there were no significant interactions between dietary group (vegan or omnivore) and the relationships of the hormonal variables with the dietary variables.
D I S C U S S I O N

Study design
As far as we know this is the first study of sex hormones in male vegans and is larger than the previous studies of sex hormones in male vegetarians. The study has some weaknesses because it was designed after the material had been collected for other purposes. The information on BMI, usual alcohol intake, smoking habits, long-term medication and previous diseases was taken from the recruitment questionnaire, which was collected before the blood sample. The 4 d diet record was collected after the blood sample. There must therefore be some misclassification for the variables derived from the questionnaires. Total T varies during the day with higher values in the morning, but we have no information on when the blood samples were taken. These sources of error would be expected to be randomly distributed between vegans and omnivores, and between subjects with different dietary compositions, and should therefore slightly reduce the strength of any relationships observed but should not bias the results.
Our confidence in the validity of these results is increased by those findings which replicate the well-established findings of other groups. For example, we found that total T and free T decrease with age (Dai et al. 1981) , that SHBG increases with age (BarrettConnor & Khaw, 1987) , and that total T and SHBG decrease with increasing BMI (Kley et al. 1979 ). The differences in dietary composition between vegans and omnivores were also quite consistent with the results of previous studies (Abdulla et al. 198 1 ; Lockie et al. 1985; Sanders & Key, 1987) .
Comparison of veguns and omnivores
Total T was 7 Yo higher in the vegans than the omnivores, and this difference was reduced to zero by adjusting for SHBG. Although there have been some previous studies of T in male vegetarians, this is the first report of T in male vegans. Howie & Shultz (1985) reported that mean T was 18 % lower in male Seventh Day Adventist vegetarians than in omnivores, but this result was based on only twelve vegetarians. In a larger study, Deslypere & Vermeulen (1984) reported no difference in T between thirty-five vegetarian men and fortynine omnivores. Another recent small study (fifteen vegetarians, fourteen omnivores) reported that mean T was 31 % higher in the vegetarians, but this difference may have been at least partly due to the 11 YO lower BMI of the vegetarians (Belanger et al. 1989) .
Three small studies have reported that changing the usual diet of omnivorous men to a vegetarian or 'semi-vegetarian' (low-fat) diet causes a fall in T in men (Hill & Wynder, 1979; Hill et al. 1980; Hamalainen et al. 1984) . However, in another small study a very lowfat, almost vegetarian diet did not cause a decrease in T (but did cause substantial decreases in E2 and cholesterol; Rosenthal et al. 1985) , and a fall in T was observed when the black South African men in the study of Hill er al. (1980) changed their usual vegetarian diet to a Western diet. It is possible, therefore, that a sudden substantial change in diet causes a fall in T regardless of the 'direction' of the change in diet composition. We draw the tentative conclusion that the differences in dietary composition between usual Western vegan and omnivore diets do not have any substantial effect on total T.
Most of the previous studies of the effects of a vegetarian diet on hormones have not measured SHBG. Hamalainen et al. (1984) observed a non-significant 9 % decrease in SHBG in men changing to a semi-vegetarian diet. Belanger et al. (1989) found that mean SHBG was 47 YO higher in the vegetarians, but it is difficult to interpret this result because the mean BMI of the vegetarians was 11 YO lower than that of the omnivores and BMI is strongly inversely related to SHBG (Moore & Bulbrook, 1988) . The 23 YO higher SHBG in vegans than in omnivores which we observed after adjusting for BMI was highly statistically significant, but needs confirmation in another study.
Among the studies of the effects of a vegetarian or semi-vegetarian diet on T (discussed previously), only two reported results for free T. Of these two, Deslypere & Vermeulen (1984) found no difference in free T between vegetarians and omnivores, but Hamalainen et al. (1984) found a 13 O/O decrease in free T following a change to a semi-vegetarian diet. Belanger et al. (1989) reported that the mean free androgen index was lower in vegetarians than omnivores, but as noted previously (pp. 112-1 13) this index is unduly sensitive to SHBG, which was substantially higher in the vegetarians. The current study provided no evidence that calculated free T is lower in vegans than in omnivores.
A plausible explanation of the results for total T, SHBG, and free T in vegans is that a vegan diet causes an increase in SHBG, but does not affect the homeostatic control of the concentration of free T. The 7 YO difference in total T between the vegans and omnivores was not statistically significant, but probably represents a real difference in total T which is needed to maintain the concentration of free T in the face of the decrease in the percentage of free T in the vegans caused by the increase in SHBG (Dunn et al. 1981 ). This conclusion is supported by the observation that the 7 % difference in total T was eliminated by adjusting for SHBG.
Neither the current study nor those of Deslypere & Vermeulen (1 984) and Belanger et al. (1 989) found any difference in E2 between vegans or vegetarians and omnivores. Howie & Shultz (1 985) reported a 40 % lower mean E2 in vegetarians than in omnivores, but, as noted previously, there were only twelve vegetarians in their study.
Correlations of dietary components with hormones
This part of the analysis was done partly to generate new hypotheses and partly to test the specific hypotheses that dietary fibre would be directly correlated with SHBG and inversely correlated with E2. Neither of these hypotheses was supported by the findings. One possible problem with the interpretation of our findings is that, although the mean dietary fibre intake of the vegans was 61 Yo higher than that of the omnivores, the omnivores themselves had a high intake of fibre (35.1 g/d). This is because the omnivores in the present study were, on average, of high social class and following a 'prudent diet'. It is conceivable that fibre intake is related to SHBG and E2 at the lower end of the range of possible intakes, but that above this end of the range there is a 'plateau' effect.
Examination of the relationship of SHBG with dietary fibre intake was of particular interest because of the previous reports of a positive correlation between SHBG and fibre in both men (Bishop et al. 1988 ) and women , and because the first part of the current analysis had shown higher SHBG in the vegans. At that stage it appeared possible that the higher SHBG of the vegans might be explained by their higher fibre intake, and we expected to find some correlation between the two variables because of the substantially higher values for both SHBG and fibre in the vegans. The low correlation (r-0.04) between the two variables was, therefore, surprising. It is possible that a high dietary intake of phyto-oestrogens is the cause of the high SHBG of the vegans in the current study, but we have no information on this.
There was no significant correlation between dietary fibre and E2 in the current study (r-0.08), providing no support for the hypothesis that a high intake of dietary fibre may reduce the enterohepatic circulation of' E2 and, thus, reduce the plasma concentration of E2 (Goldin et at. 1982) . Goldin et a/. (1982) made this suggestion on the basis of a study of premenopausal women, but it seems reasonable to suppose that any effect of fibre on plasma E2 would, if anything, be more likely to be observed in men, because (as far as is known) there is no direct feedback mechanism to maintain plasma E2 at a set level in men, Some previous studies have reported a weak inverse correlation between SHBG (or the T binding capacity of plasma) and alcohol intake (Sparrow et al. 1980; Stefanick et al. 1987) , while others have found no relationship between these variables (Lindholm et al. 1982; Heller et al. 1983 ). In the current study, the inverse correlation between SHBG and alcohol was stronger in the subset of forty men for whom 4 d diet records were available (r-0.39) than in all 108 men for whom a record of usual alcohol intake was available (r-0.14). Neither record of alcohol intake was for the exact period of blood collection. Our results support the suggestion, from some previous studies, of a weak inverse relationship between alcohol and SHBG. Such a relationship could well be causal because alcohol has many effects on the liver, the main site of SHBG synthesis (Anderson, 1974) .
The positive correlations between total T and polyunsaturated fat and between SHBG and total, saturated, and polyunsaturated fat were not prior hypotheses and must therefore be interpreted cautiously.
